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Keynote points

e Single-celled microbes are the most abun-
dant and diverse form of marine life. Food
webs based on them sustain most ocean
biodiversity.

e Marine phytoplankton account for about
50 per cent of the Earth’s primary produc-
tion, oxygen supply and N,-fixation. Dia-
toms and picoplankton (< 2 ym) account
for most marine primary production.

e Driven by upper-ocean warming, increases
in the vertical separation of layers of water
(stratification) and decreases in inorganic
nutrient inputs to the part of the ocean
where photosynthesis is possible (the eu-
photic zone) are likely to result in:

e Decreases in phytoplankton productiv-
ity and cell size;

e Increases in energy flow through mi-
crobial food webs relative to that

1. Introduction

Marine plankton communities are comprised
of viruses, prokaryotes (archaea and bacteria)
and eukaryotes (protists and Metazoa). Prokar-
yotes and eukaryotes include both primary
producers and heterotrophic consumers, and
marine plankton represent the most phyloge-
netically diverse group of organisms on Earth
(Colomban and others, 2015; United Nations,
2017a). The focus in the present subchapter is
on plankton assemblages of the upper ocean
(0 to -1,000 m) and climate-driven changes in
plankton that are most likely to have an impact
on ecosystem services.

Unicellular microbes account for most bio-
mass, biodiversity and metabolic activity in
the oceans (Gasol and others, 1997; Azam and

through metazoan food webs (plank-
ton > 20 pym);

e Decreases in the export of biological
production to the deep ocean. Such de-
creases would reduce the capacity of
the ocean to absorb CO,, accelerating
global atmospheric warming;

e Decrease in biological production of
higher trophic level.

e Climate-driven ocean acidification may
reduce the abundance and distribution
of calcareous plankton.

e Current global ocean observations do not
specifically monitor plankton diversity. An
international, integrated observing system
of ocean life is needed as a component
of the Global Earth Observing System of
Systems.

Malfatti 2007; Salazar and Sunagawa, 2017;
Bar-On and others, 2018) and play critical roles
in the provision of marine ecosystem services
(Palumbi and others, 2009; Liquete and others,
2013). In particular, phytoplankton account for
some 50 per cent of the Earth’s net primary
production (NPP) that fuels marine food webs
and for some 50 per cent of the Earth’s oxy-
gen supply (Field and others, 1998; Westberry
and others, 2008); and planktonic food webs
support most fisheries (Blanchard and others,
2012; Boyce and others, 2015), fuel the biolog-
ical pump? (Honjo and others, 2014) and sus-
tain biodiversity (Beaugrand and others, 2013;
Vallina and others, 2014). Phytoplankton NPP
and the flows of nutrients through planktonic
food webs make significant contributions to

1 Biologically mediated export of particulate organic matter and calcium carbonate to the deep ocean (below

1,000 m).
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at least 14 Sustainable Development Goals
(Wood and others, 2018), first of all Goal 14
(Conserve and sustainably use the oceans,
seas and marine resources for sustainable
development).?

The objectives of the present subchapter
are to: (a) describe the current composition
of plankton assemblages and past trends in
their diversity and productivity at the global
and regional levels; (b) summarize predicted,
climate-driven trends in those plankton as-
semblages; and (c) identify gaps in current

knowledge. The climate-driven changes in
the upper-ocean environment targeted in the
present section are ocean warming and ocean
acidification.?® This information is particularly
relevant to chapters 5 (trends in the physi-
cal and chemical state of the ocean) and 10
(changes in nutrient inputs to the marine en-
vironment). Subjects addressed in the present
subchapter that were not specifically covered
in chapter 6 of the first World Ocean Assess-
ment (United Nations, 2017b) include past and
projected trends in the diversity of plankton.

2. Summary of chapter 6 of the first World Ocean Assessment

Regional and global patterns of NPP by phy-
toplankton and benthic macrophytes, nutrient
cycling in the upper ocean and anthropogenic
impacts on those processes were studied,
leading to the following findings:

e With the exception of coastal waters
subject to riverine inputs of nutrients and
high-nutrient low-chlorophyll zones, the
global pattern of phytoplankton NPP re-
flects the pattern of deep-water nutrient
(nitrogen and phosphorus) inputs to the
euphotic zone.*

e Phytoplankton NPP in subtropical gyres
decreased from 1998 to 2006 as a result
of climate-driven upper-ocean warming
and associated decreases in nutrient sup-
ply, while NPP has increased in coastal
ecosystems as a result of increases in
land-based nutrient inputs. This has led
to a global spread of hypoxia in the ocean,
a decline in the spatial extent of seagrass
beds and increases in the occurrence of
toxic phytoplankton events.

2 See General Assembly resolution 70/1.
3

e Phytoplankton species diversity tends to
be lowest in polar and subpolar waters,
where fast-growing species account for
most NPP, and highest in tropical and sub-
tropical waters, where small phytoplankton
(< 10 ym) account for most NPP.

e As the upper ocean warms and becomes
more stratified, it is likely that small phy-
toplankton species will account for an in-
creasingly large fraction of NPP, resulting
in decreases in fish stocks and organic
carbon export to the deep sea.

e With increases in upper-ocean tempera-
tures at high latitudes, the spatial ranges of
copepod species in the North Atlantic have
expanded to higher latitudes and seasonal
peaks in abundance are occurring earlier in
the year for temperate species.

Ocean acidification refers to a reduction in the pH of the ocean over an extended period of time, caused primar-

ily by the uptake of CO, from the atmosphere.

4 The euphotic zone is the upper layer of the ocean into which sufficient light penetrates for photosynthesis to

occur.
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3. Regions targeted in the present World Ocean Assessment

Mean sea surface chlorophyll a concentration (1997-2010) and
six regions targeted in the present report
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Source: adapted from Sundby and others (2016).

Note: 1, central gyres; 2, high-latitude spring bloom regions; 3, Antarctic circumpolar region; 4, polar sea ice
region; 5, coastal upwelling region; and 6, equatorial upwelling region (blue: < 0.1 mg/m=; green: 0.1-1.0 mg/m;
yellow: 1-3 mg/m3; and red: > 3 mg/m-).

Phytoplankton NPP varies regionally (Behren-  regions (as numbered in the figure above) are
feld and others, 2006; Uitz and others, 2010;  as follows:

United Nations, 2017c), and the global ocean 1
has been subdivided into regions by the In- '
tergovernmental Panel on Climate Change
accordingly (Hoegh-Guldberg and Poloczans-
ka, 2017). Of the seven regions defined by the
Panel, those targeted in the present section
represent high- and low-latitude systems, sys-
tems in which the primary input of nutrients is
from deep water through vertical mixing or up- 3. Antarctic circumpolar region of the South-

The five subtropical central gyres, the
largest biomes of the upper ocean (about
40 per cent of the surface of the ocean,
22 per cent of the annual NPP of the ocean);

2. High-latitude spring bloom regions (about
25 per cent of the surface of the ocean,
43 per cent of the annual NPP of the ocean);

welling and systems that exhibit a broad range ern Ocean (about 12 per cent of the sur-
of trophic states® (that do not reflect land- face of the ocean, about 9 per cent of the
based inputs of nutrients). The six targeted annual NPP of the ocean);

5 From oligotrophic regions with low mean annual chlorophyll a concentrations (< 0.1 mg m3) to eutrophic re-
gions with relatively high mean concentrations (1-30 mg m-).
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4. Polar sea ice regions of the Arctic Ocean
and Southern Ocean (about 4 per cent of
the surface of the ocean, 1-2 per cent of
annual NPP of the ocean);

5. Coastal upwelling regions (about 2 per cent
of the surface of the ocean, 7 per cent of
the annual NPP of the ocean);

6. Equatorial upwelling regions (about
8 per cent of the surface of the ocean,
9 per cent of the annual NPP of the ocean).

Collectively, those six regions encompass
90 per cent of the surface of the ocean and ac-
count for 90 per cent of the NPP of the ocean.

4. Estimating plankton diversity

4.1. Species diversity

Accurate estimates of plankton species diver-
sity at the regional and global levels based on
the microscopic examination of ocean samples
are not possible at the presnt time, owing to
severe undersampling® (Appeltans and others,
2012), the rapidly growing number of cryptic
species’ revealed by metagenomics (Delong,
2009; Goetze, 2010; Lindeque and others,
2013; Harvey and others, 2017), larval stages
of zooplankton that lack clear diagnostic char-
acteristics (Bucklin and others, 2016) and a
lack of consensus among microbiologists on
the definition of species (Amaral-Zettler and
others, 2010). The problem of undersampling
can only be addressed by increasing the time-
space resolution of sampling. In this regard,
the importance of expanding and sustaining
support for the Global Alliance of Continuous
Plankton Recorder Surveys (Batten and others,
2019) and for the development of an integrat-
ed ocean life observing system (Canonico and
others, 2019) must be stressed.

4.2. Functional diversity

Grouping organisms into functional groups
that share common characteristics (size and
ecological roles) can be more useful ecolog-
ically than taxonomic groupings (Litchman
and others, 2010; Mitra and others, 2016). The
size spectrum of plankton spans over seven
orders of magnitude (Boyce and others, 2015;
Sommer and others, 2017) and is reflected in
the pathways by which phytoplankton NPP
is recycled in the upper ocean, channelled
to fisheries or exported to the interior of the
ocean through the biological pump (Ward
and others, 2012; Acevedo-Trejos and others,
2018). Plankton have been categorized by size
into picoplankton (0.2-2 pm), nanoplankton
(2-20 pm), microplankton (20-200 pm), mes-
oplankton (200 um to 20 mm), macroplankton
(20-200 mm) and megaplankton (> 200 mm)
(Sieburth and others, 1978; Sommer and oth-
ers, 2017). At the level of the major ocean ba-
sins, phytoplankton biomass and the fraction
of large phytoplankton generally increase as
the availability of dissolved inorganic nutrients
increase, a pattern that reflects the importance
of nutrient supplies as a parameter of phyto-
plankton NPP and community composition
(Mousing and others, 2018).

6 Measurements are too sparse in time and space to estimate plankton biodiversity accurately at the regional

and global levels.

7 Genetically distinct species (based on operational taxonomic units) that do not exhibit clear morphological
differences. Such units are used to estimate species richness on the basis of genetic differences (Caron and

others, 2009).
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From a functional perspective, marine food
webs can be divided into two categories based
on size (Fenchel, 1988; Pomeroy and others,
2007):

(a) Microbial food webs populated by pico-
phytoplankton and nanophytoplankton,
heterotrophic bacteria and protozoan con-
sumers that are fuelled primarily by pico-
phytoplankton NPP (including the release
of dissolved organic matter by primary
producers and consumers);

(b) Metazoan food webs populated by micro-
phytoplankton and metazoan plankton that

5. Microbial plankton
5.1.

Major taxa in terms of their contribution to
global NPP include prokaryotic cyanobacteria
and eukaryotic diatoms, coccolithophores and
chlorophytes (Not and others, 2007; Simon
and others, 2009; Uitz and others, 2010; Flom-
baum and others, 2013).

Phytoplankton

5.1.1. Diversity and functional groups
of phytoplankton

Five functional groups of phytoplankton have
been recognized on the basis of their size
and roles in pelagic food webs and nutrient
cycles (Chisholm, 1992; Le Quéré and others,
2005; Marafién and others, 2012): photosyn-
thetic picoplankton, silicifying microplankton,
calcifying nanoplankton, nitrogen-fixing mes-
oplankton and dimethyl sulphide-producing
nanoplankton. For the purposes of the present
subchapter, toxic microplankton have been
added to this list. Changes in the relative abun-
dance, productivity and toxicity of those func-
tional groups have major repercussions on
their capacity to support ecosystem services.

are fuelled primarily by microphytoplankton
productivity and microbial food webs.

Microbial food webs account for most living
biomass and nutrient recycling in the ocean
(Del Giorgio and Duarte 2002; Sunagawa and
others, 2015), while metazoan food webs sup-
port most fisheries and the biological pump
(Legendre and Michaud, 1998; Sommer and
others, 2002). Thus, changes in the balance
between those two food webs are likely to have
major impacts on the provision of ecosystem
services (Miren and others, 2005; Worm and
others, 2006; Sommer and others, 2016).

5.1.1.1. Picoplankton

Picoplankton include two genera of cyanobac-
teria (Prochlorococcus and Synechococcus)
and a diverse ensemble of picoeukaryotes
from several phyla (Not and others, 2007,
Kirkham and others, 2013). They are globally
ubiquitous, account for some 50 per cent of
the NPP of the ocean (Agusti and others,
2019) and fuel microbial food webs (Marafién
and others, 2001, 2015). It is estimated that
Prochlorococcus accounts for 17-39 per cent
of picoplankton biomass globally, Synechoc-
occus for 12-15 per cent and picoeukaryotes
for 49-62 per cent (Buitenhuis and others,
2012). Prochlorococcus dominates the phyto-
plankton in warm (> 15 °C), nutrient-poor wa-
ters (Chisholm, 2017). Synechococcus has a
broader, more uniform distribution and is more
abundant than Prochlorococcus under cooler,
nutrient-rich conditions (Follows and others,
2007; Flombaum and others, 2013). Picoeu-
karyotes tend to increase in abundance with
increasing nutrient levels, often dominating
the phytoplankton at high-latitudes (Li, 1994;
Worden and Not, 2008; Kirkham and others,
2013). Those organisms exhibit extraordinary
genomic diversity that underlies their broad
geographical distribution (Vaulot, 2008; Kent
and others, 2016).
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5.1.1.2.Silicitying microplankton: diatoms

Diatoms dominate microphytoplanktonin cold,
turbulent, nutrient-rich waters (Malone, 1980;
Rousseaux and Gregg, 2015). They account
for 40-50 per cent of global marine NPP, fuel
metazoan food webs and account for some
40 per cent of carbon export through the bio-
logical pump (Honjo and others, 2014; Tréguer
and others, 2018). Diatoms are therefore im-
portant players in the global carbon cycle.

5.1.1.3. Calcitying nanoplankton?®

Coccolithophores (dominated by Emiliania
huxleyi) are globally ubiquitous, function as
both a sink (photosynthesis) and a source (cal-
cification) of CO, and are therefore important
players in the global carbon cycle (Sarmiento
and others, 2002; Balch and others, 2016).
E. huxleyi forms the “great calcite belt” that
surrounds Antarctica between the subantarc-
tic and polar fronts (Balch and others, 2016;
Nissen and others, 2018). There is evidence
that E. huxleyi produces more biogenic CaCO,
than any other organism on Earth (Igle-
sias-Rodriguez and others, 2002). Blooms tend
to occur following seasonal diatom blooms
(Brown and Yoder, 1994; Smith and others,
2017). E. huxleyi harbours a pan-genome of
extensive genetic variability that underpins its
cosmopolitan distribution and its capacity to
bloom under a wide variety of environmental
conditions (Read and others, 2013).

5.1.1.4. Nitrogen-fixing mesoplankton®

Planktonic cyanobacteria account for about
half of the Earth’s N,-fixation (Karl and oth-
ers, 2002; Landolfi and others, 2018) and are
the largest source of fixed nitrogen in the

global ocean (Galloway and others, 2004;
Gruber, 2004). The group includes unicellular
symbionts (diatom-diazotroph associations)
and colonial genera (e.g., Trichodesmium)
(Delmont and others, 2018; White and others,
2018). Most marine nitrogen fixation occurs
in the subtropical gyres (Gruber, 2019) where
Trichodesmium is most abundant at tempera-
tures above 20°C (Breitbarth and others, 2007,
Monteiro and others, 2010).

5.1.1.5. Dimethylsulphoniopropionate-

producing nanoplankton®

Over90 per cent of dimethyl sulphide emissions
to the atmosphere come from dimethylsulpho-
niopropionate produced in the ocean, most of
which by Prymnesiophyceae (e.g., Phaeocystis
spp. and Emiliania huxleyi) and Dinophyceae
(e.g., Prorocentrum minimum) during blooms
(Keller and others, 1989; Bullock and others,
2017). Phaeocystis is a cosmopolitan genus
with alife cycle that alternates between free-liv-
ing nanoplankton (3—9 ym) and large (> 2 mm)
gelatinous colonies (Schoemann and others,
2005). The latter develop during massive
summer blooms in high-latitude spring bloom
regions and during summer blooms in polar
sea ice regions and in the Antarctic circumpo-
lar region (Schoemann and others, 2005; Vogt
and others, 2012). Blooms of Prorocentrum
minimum occur in regions with relatively high
anthropogenic nutrient inputs, and its global
distribution is expected to expand, given that
anthropogenic nutrient inputs are projected to
more than double by 2050, unless inputs are
controlled more effectively on a global scale
(Glibert and others, 2008).

8  Calcifying plankton include taxa that create shells, skeletons or other structures from calcium carbonate. This
is a taxonomically diverse group that includes phytoplankton such as coccolithophores, zooplankton such as
pteropods and the larval stages of benthic bivalve molluscs and echinoderms.

9 Nitrogen fixation is not limited to mesozooplankton. There is evidence that there are non-cyanobacterial diaz-
otrophs (bacteria and archaea) in the oceans (Benavides and others, 2018).

10 pimethylsulphoniopropionate is the biogenic precursor of dimethyl sulphide, which represents a large source
of sulfur going into the Earth’s atmosphere, where it helps to drive the formation of clouds that block solar
radiation from reaching the Earth’s surface and reflect it back into space.
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5.1.1.6. Toxin-producing microplankton

Among the 5,000 species of extant marine phy-
toplankton (Sournia and others, 1991), some 80
or so species have the capacity to produce po-
tent toxins that find their way through fish and
shellfish into humans (Hallegraeff and others,
2004). Most toxic species are dinoflagellates
that cause paralytic shellfish poisoning (e.g., Al-
exandrium spp.), diarrhoeic shellfish poisoning
(e.g., Dinophysis spp.), neurotoxic shellfish poi-
soning (e.g., Karenia spp.), azaspiracid shellfish
poisoning (e.g., Protoperidinium crassipes) and
ciguatera fish poisoning (e.g., Gambierdiscus
toxicus). One diatom genus (Pseudo-nitzschia
spp.) also causes amnesic shellfish poisoning
(Lelong and others, 2012). Toxin-producing mi-
croplankton have a cosmopolitan distribution
(Hallegraeff and others, 2004).

52 . Protozoan consumers

Most heterotrophic protozoa fall into the nano-
and micro-zooplankton size classes and are
major consumers in microbial food webs and
important links to metazoan food webs (Lan-
dry and Calbet, 2004; Mitra and others, 2016).
Their diversity can be described in terms of
three basic body plans that broadly determine
their ecological roles: amoeboid, flagellated
and ciliated forms (Fuhrman and Caron, 2016).

Amoeboid foraminifers are most abundant
in high-latitude spring bloom regions and
least abundant in subtropical gyres (Berger,
1969). They are major producers of marine
calcareous shells deposited on the ocean floor
(Schiebel and Hemleben, 2005). Radiolaria are
common in the euphotic zone in tropical and
subtropical oceanic regions globally and much
less abundant in coastal upwelling, high-lat-
itude spring bloom and polar regions (Caron
and Swanberg, 1990).

Heterotrophic nanoflagellates are the most
abundant protozoan consumers and control
the abundance of bacterioplankton (Fenchel,
1982; Massana and Jiirgens, 2003). While
nanoflagellates are important grazers of pico-
phytoplankton in oligotrophic habitats, heter-
otrophic microflagellates (e.g., dinoflagellates)
can be important consumers of microphyto-
plankton, including bloom-forming diatoms
(Sherr and Sherr, 2007; Calbet, 2008).

Microzooplankton (dinoflagellates and cili-
ates) have been estimated to graze over half
of daily global phytoplankton NPP and exert
significant top-down control on phytoplank-
ton blooms in ecosystems from the Southern
Ocean (Swalethorp and others, 2019) and the
western Arctic Ocean (Sherr and others, 2009)
to temperate coastal ecosystems (Pierce and
Turner, 1992).

5.3. Heterotrophic bacteria and
archaea

Bacterial assemblages are typically dominated
by a small number of phylotypes’ (Yooseph
and others, 2010), the 20 most abundant of
which fall into one of four groups (Amaral-Zet-
tler and others, 2010; Luo and Moran, 2014):
a-Proteobacteria (SAR11, Rhodobacteraceae),
y-Proteobacteria  (SAR86), Bacteroidetes
(Flavobacteriaceae) and Actinobacteria, most
abundant of which are a-Proteobacteria (Le-
fort and Gasol, 2013; Giovannoni, 2017). Spe-
cies richness tends to decrease toward the
poles for both the animal and plant kingdoms
(Wietz and others, 2010).

Four major groups of archaea (marine groups
I-1V) are abundant in the ocean (Church and
others, 2003; Danovaro and others, 2017).
Marine group | archaea are among the most
abundant and widely distributed, from polar
to tropical waters (Karner and others, 2007,

11 A group of genetically similar organisms that may be grouped at different taxonomic levels, such as species,

family, class or phylum.
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Santoro and others, 2019). Although bacteria
tend to outnumber archaea, the latter make an
important contribution to microbial biomass in
deep waters (Danovaro and others, 2015).

5.4. Viruses

Viruses play important roles in marine food
webs and nutrient recycling via their control
of the abundance of microbial populations
and the release of dissolved organic matter
by cell lysis (Rohwer and Thurber, 2009; Si-
eradzki and others, 2019). Viruses, including
free-living virions, are the most abundant bio-
logical entities in the oceans and are a major

6. Metazoan zooplankton

6.1. Holoplankton?

Metazoan holoplankton have been described
from 15 phyla (Bucklin and others, 2010; Wiebe
and others, 2010). As a group, they exhibit
diverse feeding types (Kigrboe, 2011), from
filter-feeders (e.g., copepods, euphausiids and
tunicates) to passive ambush predators (e.g.,
ctenophores and some pteropods) and active
ambush predators (e.g., chaetognaths and
some amphipods). Like other groups of ani-
mals, the diversity of holozooplankton tends
to decrease toward the poles (Lindley and
Batten, 2002; Burridge and others, 2017). Di-
versity also tends to be higher when biomass
is low (e.g., subtropical gyres) and lower when
biomass is high (e.g., coastal upwelling and
high-latitude spring bloom regions) (United
Nations, 2017a).

6.1.1. Crustaceans

About half of the known species of holoplank-
ton are crustaceans (Verity and Smetacek,

12 Species that live their entire life cycles as plankton.
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reservoir of genetic diversity (Suttle, 2007;
Simmonds and others, 2017). The majority of
viruses are bacteriophages (Coutinho and oth-
ers, 2017), and their abundance is correlated
with the abundance of bacteria from regional
to global scales (Fuhrman and Caron, 2016).
Metagenomic analyses indicate that there are
thousands of different virions in a few litres,
with the most abundant genotypes represent-
ed by a relatively small fraction of the entire
assemblage (Breitbart and others, 2004; Angly
and others, 2006). However, despite recent ad-
vancements in metagenomics such as those,
it is clear that this is the “tip of the iceberg”
in terms of viral biodiversity (Paez-Espino and
others, 2019).

1996; United Nations, 2017a). Copepods are by
far the most abundant and are a key trophic
link between phytoplankton and fisheries (e.g.,
Moélimann and others, 2003; Beaugrand, 2005).
While copepod abundance is generally highest
in regions where high NPP occurs seasonally,
biodiversity is generally highest in warm water
regions where NPP is relatively low (Rombouts
and others, 2009; Valdés and others, 2017).

With nearly 100 documented species (Baker
and others, 1990), euphausiids (krill) occur
throughout the global ocean and, like cope-
pods, are most abundant during periods of
high phytoplankton productivity (Baker and
others, 1990). They are especially abundant in
the Southern Ocean, where they play a crucial
role in the food web and are a target for fisher-
ies (Mangel and Nicol, 2000; Boopendranath,
2013).

There are approximately 200 described
species of planktonic ostracods (Angel and
others, 2007) and approximately 300 species
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of hyperiid amphipods™ (Vinogradov, 1996;
Boltovskoy and others, 2003). Ostracod spe-
cies richness tends to be highest in the mes-
opelagic zone at low latitudes (< 50°N) and in
the epipelagic zone at higher latitudes. The
majority of hyperiids spend at least part of
their life cycle living as commensals of salps,
jellyfish, ctenophores or siphonophores (Ma-
din and Harbison, 1977; Gasca and Haddock,
2004), and their species richness is highest
in regions where gelatinous zooplankton are
most abundant.

6.1.2. Gelatinous zooplankton

This diverse group includes cnidarians (jel-
lyfish),”* ctenophores (comb jellies), chae-
tognaths (arrow worms), tunicates (salps,
doliolids and appendicularians) and molluscs
(pteropods and heteropods) (Alldredge, 1984;
Jennings and others, 2010). As a group, tuni-
cates are well adapted to life in oligotrophic
oceans, where their diversity and abundance
are often greater than those of planktonic
crustaceans (Alldredge and Madin, 1982; Ma-
din and Harbison, 2001). Species richness is
highest in jellyfish (more than 1,000 species)

7. Documented trends

7.1. Global

The study of satellite time series (1998-2015)
of sea surface chlorophyll a has not yet re-
vealed a long-term trend in NPP on a global
scale (Gregg and others, 2017). However,
microplankton diatom biomass has declined
relative to picophytoplankton in most regions
during the period under review (Rousseaux and

13 An order of amphipods that is exclusively marine.

(Purcell and others, 2007; Pitt and others,
2018), followed by molluscs (250 species)
(Jennings and others, 2010), ctenophores (200
species) (Harbison, 1985; Madin and Harbison,
2001), tunicates (145 species) (Deibel and
Lowen, 2012) and chaetognaths (100 species)
(Daponte and others, 2004).

6.2. Meroplankton

Meroplankton are larval stages of benthic and
pelagic adults (e.g., shellfish and fish) and are,
therefore, temporary members of the plank-
ton. Their contribution to plankton diversity
occurs episodically or seasonally, and their
abundance relative to holoplankton decreases
with increasing depth and increasing latitude
(Silberberger and others, 2016; Costello and
Chaudhary, 2017). The distribution, diversity
and fecundity of adults that have a planktonic
larval stage are inextricably linked to the abun-
dance and diversity of their meroplanktonic
larvae which, in turn, influence the distribution
and diversity of their adult stage (Miron and
others, 1995; Hughes and others, 2000).

Gregg, 2015; Gregg and others, 2017), a trend
that appears to be related to upper-ocean
warming, increases in vertical stratification’s,
and decreases in nutrient supplies from the
deep sea (Daufresne and others, 2009; Basu
and Mackey, 2018).

A comparison of known toxic events in 1970
with those observed in 2017'¢ suggests that

14 Although jellyfish have a life cycle with a benthic polyp stage and a planktonic medusa stage, they are consid-
ered to be holoplankton because the sexually reproducing stage (medusa) is planktonic.

15 A water column becomes vertically stratified when a less dense body of water develops (owing to an increase
in temperature, a decrease in salinity, or both) over deeper, denser water. This process limits mixing between

the surface mixed layer and the deep ocean.

16 United States National Office for Harmful Algal Blooms, “Distribution of HABs throughout the World”. Available
at www.whoi.edu/website/redtide/regions/world-distribution.
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the public health and economic impacts of
toxic events have increased in frequency and
have spread globally (Hallegraeff and others,
2004):

o Paralytic shellfish poisoning events caused
by Alexandrium tamarense and A. catenella
increased from 19 coastal sites (including
12 in North America and 4 in western Eu-
rope) to 118 coastal sites (including 26 in
North America, 25 in western Europe, 36 in
the western Pacific, 9 in Australia and New
Zealand, 7 in South America, 7 in Africa
and 4 in India).

o Diarrhoeic shellfish poisoning events
caused by Dinophysis spp. increased from
15 coastal sites (including 13 in western
Europe) to 71 coastal sites (8 in North
America, 37 in western Europe, 9 in South
America, 7 in Australia and New Zealand, 6
in Japan and 4 in India).

e Amnesic shellfish poisoning events caused
by Pseudo-nitzschia spp. increased from 1
coastal site, in North America, to 31 coast-
al sites (including 12 in North America, 9 in
western Europe and 9 in Australia and New
Zealand).

While there is reason to suspect that the
combined effects of increases in coastal
eutrophication, sea surface temperature and
vertical stratification may favour the growth of
dinoflagellates, the underlying causes of those
trends remain a matter of speculation (Wells
and others, 2015).

Upper-ocean warming is influencing the bio-
geography and phenology of plankton species
(Hays and others, 2005; Thackeray and others,
2010; Mackas and others, 2012). On average,
seasonal spring peaks in biomass have ad-
vanced by 4.4 days per decade, with a stand-
ard error of 0.7 days, and the leading edges
of species distributions have extended pole-
wards by 72 km per decade (1920-2010), with
a standard error of 0.35 km (Hoegh-Guldberg

and others, 2014). While holoplankton show
large shifts in both biogeography and phe-
nology in response to upper-ocean warming,
meroplankton show relatively small shifts in
distribution but greater changes in phenology
(Edwards and Richardson, 2004), changes
that are likely to have feedback effects on the
abundance of adult populations.

7.2.

Polar sea ice regions

7.2.1. Southern Ocean

A significant interannual trend in NPP in the
Southern Ocean as a whole has not been
documented (Arrigo and others, 2008). How-
ever, opposing trends in NPP in the Ross Sea
(increasing) and the West Antarctic Peninsula
(decreasing) coincided with increases (Ross
Sea) and decreases (West Antarctic Penin-
sula) in sea ice extent’” (Montes-Hugo and
others, 2009; Ducklow and others, 2013). The
decrease in NPP was associated with a shift
in the size spectrum of phytoplankton from
microplankton-dominated (diatoms) assem-
blages to nanoplankton and picoeukaryotes
as sea surface temperature increased (Moline
and others, 2004; Montes-Hugo and others,
2009). Warming and the shift to smaller phy-
toplankton have also been associated with a
range extension of Emiliania huxleyi from the
Antarctic circumpolar region into the polar sea
ice region (Cubillos and others, 2007).

Inter-annual variations in the extent of sea
ice off the Antarctic Peninsula also appear to
be reflected in the relative abundance of two
dominant grazers: krill (Euphausia superba)
and salps (Salpa thompsoni). Krill recruitment,
which depends on the survival of larval krill dur-
ing winter, is the population parameter most
likely to be altered by climate change (Flores
and others, 2012). E. superba has been found
to be more abundant following winters with
extensive sea ice cover, while salps have been

17 See Michon Scott and Kathryn Hansen, “Sea ice”, NASA Earth Observatory, 16 September 2016.
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more abundant following winters when the
spatial extent of sea ice is relatively low (Loeb
and others, 1997). Thus, while krill populations
may have suffered from sea ice decline, salps
appear to have benefited from warming sur-
face waters during the twentieth century (Loeb
and Santora 2012). The observed decrease in
sea ice extent portends a long-term shift from
a food web dominated by E. superba to one
dominated by salps, with unknown cascading
effects on the abundance of vertebrate preda-
tors (Henschke and others, 2016).

7.2.2. Arctic Ocean

The Arctic Oceanis inthe process of transition-
ing to a warmer state (cf., Buchholz and others,
2010). Unlike the Antarctic, sea ice extent has
decreased (1998-2015) in all sectors of the
Arctic, owing to increases in sea surface tem-
perature (Kahru and others, 2016), a trend that
is associated with increases in NPP (Arrigo
and van Dijken, 2011; Hill and others, 2017) and
increases in the biomass of picoeukaryotes at
the expense of microplankton diatoms as the
vertical stratification of the water column in-
creased (Li and others, 2009).

As in coastal waters of the West Antarctic
Peninsula, krill are an important prey for a
number of species, including smelt. From
1984 to 1992 and from 2007 to 2015, krill
abundance increased in the south-western
and central Barents Sea, despite high smalt
predation, probably as a result of increasing
temperatures, stronger advection of krill into
the Barents Sea (Slagstad and others, 2011)
and increases in phytoplankton NPP (Dalpa-
dado and others, 2014). Warming has also
influenced the relative abundance of krill spe-
cies, with the boreal species Meganyctiphanes

norvegica increasing and the cold water spe-
cies Thysanoeassa raschii decreasing (Ras-
mussen, 2018).

7.3.  North Atlantic high-latitude

spring bloom region

In the seasonally nutrient-rich waters of the
North Atlantic high-latitude spring bloom
region, upper-ocean warming and an earlier
set-up of the seasonal pycnocline’® combine
to increase the length of the growing season
and the availability of sunlight. As a result,
NPP has been increasing in recent decades
(1979-2010) (Dalpadado and others, 2014;
Raitsos and others, 2014), a trend that has been
accompanied by increases in picoeukaryotes
and coccolithophores relative to diatoms (Li
and others, 2009), a reduction in the average
size of phytoplankton and zooplankton and
an increase in the biodiversity of plankton as-
semblages (Hoegh-Guldberg and Bruno, 2010;
Edwards and others, 2013).

Poleward expansions in the range of plankton
species in response to upper-ocean warming
have been well documented (Poloczanska and
others, 2013), especially in the North Atlantic:
Emiliana huxleyi into the Barents Sea (Smyth
and others, 2004); Calanus helgolandicus
replacing C. finmarchicus in the North Sea
(Edwards and others, 2013); and a poleward
expansion of the ranges of calcifying species
of plankton (foraminifers, coccolithophores
and pteropods) (Beaugrand and others, 2013;
Winter and others, 2014).

The phenologies™ of phytoplankton and
zooplankton species are also changing in re-
sponse to upper-ocean warming (1958-2002).
For example, during the period from 1958 to

18 A pycnocline is a vertical zone over which an increase in density separates a surface layer of relatively low den-
sity from a deeper layer of relatively high density. A seasonal pycnocline begins to form in the North Atlantic
high-latitude spring bloom region when solar heating begins to warm the surface layer during late winter-early
spring, a process that increases the availability of solar energy for photosynthesis.

19 Phenology refer to the timing of biological events in plant and animal lives (e.g., reproduction and migration) in

relation to changes in season and climate.
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2002, the seasonal abundance of the copepod
Calanus finmarchicus in the North Atlantic
began to peak earlier, so that, by the turn of
the century, abundance was peaking some 10
days earlier in the year than previously, while
its food (microplankton diatoms and dinoflag-
ellates) peaked some 30 days earlier (Edwards
and Richardson, 2004). Similarly, diatom
blooms in the North Sea are occurring earlier
in the year than the peak in abundance of their
macrozooplankton grazers (Hays and others,
2005). Such uncoupling of trophic levels has
also been documented in the Baltic Sea, where
the duration of the growing season during the
period from 1988 to 2017 increased at a rate of
4.5 days per year, resulting in an earlier spring
bloom, a prolongation of the summer biomass
minimum and a later and more prolonged au-
tumn bloom (Wasmund and others, 2019).

7.4. Upwelling regions

Diatom production has been increasing
(1996-2011) in eastern boundary upwelling
systems (Kahru and others, 2012), while NPP
increased in Pacific equatorial upwelling
(Chavez and others, 2011), apparently owing
to increases in upwelling (Tim and others,
2016). However, ocean acidification in coastal
upwelling systems is proving to be corrosive to
pteropod shells (Limacina helicina) (Bednarsek
and others, 2014). As the habitat suitability for
pteropods declines, metazoan food webs are
likely to be affected (BednarSek and others,

8. Outlook

Climate change during the course of the twen-
ty-first century is expected to continue to drive
changesinthe upperoceanthathave animpact
on the diversity and productivity of plankton
assemblages on the regional to global scales.
These changes include an expansion of the
subtropical gyres (Polovina and others, 2011),
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2012; Lischka and others, 2011), and ocean
acidification is likely to have a similar impact
in the Southern Ocean and the Arctic Ocean
(Comeau and others, 2009; Negrete-Garcia
and others, 2019).

7.5.  Subtropical gyres

Owing largely to declines in diatoms and chlo-
rophytes (Gregg and others, 2017), a significant
downward trend in chlorophyll a (1998-2013)
has been documented in all gyres, except in
the South Pacific (Signorini and others, 2015).
Rates of decline were greatest in the northern
hemisphere and lowest in the South Atlan-
tic Ocean and the Indian Ocean, trends that
correspond to expansions of the gyres in the
Atlantic Ocean and the North Pacific Ocean
(Polovina and others, 2008)

Downward trends in NPP were observed in
all five gyres that coincided with upper-ocean
warming and decreases in phytoplankton cell
size (Polovina and Woodworth, 2012). The
latter is consistent with observed increases
in the relative abundance of Prochlorococcus
and Synechococcus (Flombaum and others,
2013; Agusti and others, 2019), trends that
most likely reflect both warming temperatures
(Daufresne and others, 2009; Moran and oth-
ers, 2010) and decreasing nutrient supplies
as the euphotic zone becomes more isolated
from nutrient-rich deep water (Marafién and
others, 2015; Sommer and others, 2016).

ocean warming and acidification, decreases in
salinity, increases in vertical stratification and
decreases in inorganic nutrient supplies to the
euphotic zone in the open ocean (Bopp and
others, 2013). Predicted biological responses
to those changes on a global scale include the
following:
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(a) NPP is likely to decrease and the relative
abundance of picophytoplankton is likely
to increase (Daufresne and others, 2009;
Moran and others, 2010) at the expense of
microplankton diatoms (Bopp and others,
2005; Moore and others, 2018);

(b) These trends are likely to propagate
through food webs resulting in decreases
in the ocean’s carrying capacity for fish-
eries (Worm and others, 2006; Chust and
others, 2014) and in its capacity to seques-
ter carbon through the biological pump
(Boyd, 2015);

(c) Theexpansion of the subtropical gyres may
promote increases in N2 fixation (Boatman
and others, 2017; Follett and others, 2018),
a trend that could further perturb the glob-
al nitrogen cycle (Jiang and others, 2018);

(d) Plankton food webs in the polar oceans
and coastal upwelling regions will be the
most affected by ocean acidification, ow-
ing to the high solubility of CO, in cold wa-
ters (Bednarsek and others, 2014; Gardner
and others, 2018).

Regional exceptions during the course of the
twenty-first century are predicted to occur
polewards of the subtropical gyres as a result
of environmental changes in the euphotic
zone, including increases in the availability
of sunlight as the surface mixed layer shoals
in nutrient-rich environments (promoting in-
creases in NPP), increases in temperature and
decreases in salinity (favouring the growth
of small phytoplankton) (Tréguer and others,
2018). Notable examples include:

(@) Anincrease in NPP and a decrease in phy-
toplankton size in the Arctic Ocean (Mueter

and others, 2009; Kahru and others, 2011;
Dalpadado and others, 2014);

(b) Increases in NPP, export production and
the abundance of diatoms during the first
half of the century in the polar sea ice re-
gion of Antarctica (Bopp and others, 2007,
Kaufman and others, 2017; Moore and oth-
ers, 2018);

(c) Expansion of the range of Emiliania huxleyi
into the polar oceans (Winter and others,
2014) and increases in the frequency of
coccolithophore blooms in high-latitude
spring bloom regions (Bopp and others,
2013; Rivero-Calle and others, 2015);

(d) An increase in NPP and a decrease in the
relative abundance of diatoms in the North
Atlantic high-latitude bloom region (Bopp
and others, 2005, 2013; Sundby and others,
2016).

Projections of future trends in NPP in coast-
al upwelling regions are less certain, owing
to uncertainty concerning how interactions
between increases in upwelling-favourable
winds (increases in upwelling, NPP and the rel-
ative abundance of diatoms) and upper-ocean
warming (decreases in upwelling, NPP and the
relative abundance of diatoms) will play out
(Chavez and others, 2011; Garcia-Reyes and
others, 2015).

In this context, it must be emphasized that
the present analysis of the impacts of climate
change on plankton communities does not
consider transgenerational adaptation to cli-
mate-driven changes in the upper-ocean envi-
ronment (e.g., Schliiter and others, 2014; Thor
and Dupont, 2015).

129



World Ocean Assessment Il: Volume |

References

Acevedo-Trejos, Esteban, and others (2018). Phytoplankton size diversity and ecosystem function relation-
ships across oceanic regions. Proceedings of the Royal Society B: Biological Sciences, vol. 285,
No. 1879, pp. 20180621.

Agusti, Susana, and others (2019). Projected changes in photosynthetic picoplankton in a warmer subtrop-
ical ocean. Frontiers in Marine Science, vol. 5, art. 506.

Alldredge, A.L., and L.P. Madin (1982). Pelagic tunicates: unique herbivores in the marine plankton. Biosci-
ence, vol. 32, No. 8, pp. 655-663.

Alldredge, Alice L. (1984). The quantitative significance of gelatinous zooplankton as pelagic consumers.
In Flows of Energy and Materials in Marine Ecosystems, pp. 407-433. Boston, MA: Springer.

Amaral-Zettler, Linda, and others (2010). A global census of marine microbes. Life in the World’s Oceans:
Diversity, Distribution and Abundance, pp. 223-245.

Angel, Martin V., and others (2007). Changes in the composition of planktonic ostracod populations across
arange of latitudes in the North-east Atlantic. Progress in Oceanography, vol. 73, No. 1, pp. 60-78.

Angly, Florent E., and others (2006). The marine viromes of four oceanic regions. PLoS Biology, vol. 4,
No. 11, e368.

Appeltans, Ward, and others (2012). The magnitude of global marine species diversity. Current Biology,
vol. 22, No. 23, pp. 2189-2202.

Arrigo, Kevin R., and Gert L. van Dijken (2011). Secular trends in Arctic Ocean net primary production.
Journal of Geophysical Research: Oceans, vol. 116, No.C 9.

Arrigo, Kevin R., and others (2008). Primary production in the Southern Ocean, 1997-2006. Journal of
Geophysical Research: Oceans, vol. 113, No.C 8.

Azam, Farooq, and Francesca Malfatti (2007). Microbial structuring of marine ecosystems. Nature Re-
views Microbiology, vol. 5, pp. 782-791.

Baker, A. de C., and others (1990). A practical guide to the euphausiids of the world. British Museum (Nat-
ural History), vol. 96.

Balch, William M., and others (2016). Factors regulating the Great Calcite Belt in the Southern Ocean and
its biogeochemical significance. Global Biogeochemical Cycles, vol. 30, No. 8, pp. 1124-1144.

Bar-On, Yinon M., and others (2018). The biomass distribution on Earth. Proceedings of the National Acad-
emy of Sciences, vol. 115, No. 25, pp. 6506-6511.

Basu, Samarpita, and Katherine R. M. Mackey (2018). Phytoplankton as key mediators of the biological
carbon pump: Their responses to a changing climate. Sustainability, vol. 10, No. 3.

Batten, Sonia D., and others (2019). A global plankton diversity monitoring program. Frontiers in Marine
Science, vol. 6, art. 321.

Beaugrand, Grégory (2005). Monitoring pelagic ecosystems using plankton indicators. ICES Journal of
Marine Science, vol. 62, No. 3, pp. 333-338.

Beaugrand, Gregory, and others (2013). Long-term responses of North Atlantic calcifying plankton to cli-
mate change. Nature Climate Change, vol. 3, pp. 263-267.

Bednarsek, N., and others (2012). Extensive dissolution of live pteropods in the Southern Ocean. Nature
Geoscience, vol. 5, No. 12, pp. 881-885.

Bednarsek, N., and others (2014). Limacina helicina shell dissolution as an indicator of declining habitat
suitability owing to ocean acidification in the California Current Ecosystem. Proceedings of the
Royal Society B: Biological Sciences, vol. 281, No. 1785, 20140123.

Behrenfeld, M.J., and others. 2006. Climate-driven trends in contemporary ocean productivity. Nature,
vol. 444, pp. 752-755. https://doi.org/10.1038/nature05317.

130


https://doi.org/10.1038/nature05317

Chapter 6A: Plankton (phytoplankton, zooplankton, microbes and viruses)

Benavides M., and others (2018). Deep into oceanic N, fixation. Frontiers in Marine Science, vol. 5, art. 108.
https://doi.org/10.3389/fmars.2018.00108.

Berger, Wolfgang H. (1969). Ecologic patterns of living planktonic foraminifera. In Deep Sea Research and
Oceanographic Abstracts, vol. 16: pp. 1-24. Elsevier.

Blanchard, Julia L., and others (2012). Potential consequences of climate change for primary production
and fish production in large marine ecosystems. Philosophical Transactions of the Royal Society
B: Biological Sciences, vol. 367, No. 1605, pp. 2979-2989.

Boatman, Tobias G., and others (2017). A key marine diazotroph in a changing ocean: the interacting ef-
fects of temperature, CO, and light on the growth of Trichodesmium erythraeum IMS101. PLoS
One, vol. 12, No. 1, e0168796.

Boltovskoy, Demetrio, and others (2003). Marine zooplanktonic diversity: a view from the South Atlantic.
Oceanologica Acta, vol. 25, No. 5, pp. 271-278.

Boopendranath, M.R. (2013). Antarctic krill-A keystone species of Antarctica. Science India, vol. 16,
pp. 4-10.

Bopp, Laurent, and others (2001). Potential impact of climate change on marine export production. Global
Biogeochemical Cycles, vol. 15, No. 1, pp. 81-99.

Bopp, Laurent, and others (2005). Response of diatoms distribution to global warming and potential impli-
cations: A global model study. Geophysical Research Letters, vol. 32, No. 19.

Bopp, Laurent, and others (2013). Multiple stressors of ocean ecosystems in the 21st century: projections
with CMIP5 models. Biogeosciences, vol. 10, pp. 6225-6245.

Boyce, Daniel G., and others (2015). Spatial patterns and predictors of trophic control in marine ecosys-
tems. Ecology Letters, vol. 18, No. 10, pp. 1001-1011.

Boyd, Philip W. (2015). Toward quantifying the response of the oceans’ biological pump to climate change.
Frontiers in Marine Science, vol. 2, art. 77.

Breitbart, Mya, and others (2004). Diversity and population structure of a near-shore marine-sediment viral
community. Proceedings of the Royal Society of London. Series B: Biological Sciences, vol. 271,
No. 1539, pp. 565-574.

Breitbarth, Eike, and others (2007). Physiological constraints on the global distribution of Trichodesmium?
Effect of temperature on diazotrophy. Biogeosciences, vol. 4, No. 1, pp. 53-61.

Brown, Christopher W., and James A. Yoder (1994). Coccolithophorid blooms in the global ocean. Journal
of Geophysical Research: Oceans, vol. 99, No.C 4, pp. 7467-7482.

Buchholz, Friedrich, and others (2010). Ten years after: krill as indicator of changes in the macro-zooplank-
ton communities of two Arctic fjords. Polar Biology, vol. 33, No. 1, pp. 101-113.

Bucklin, Ann, and others (2010). A census of zooplankton of the global ocean. Life in the World’s Oceans:
Diversity, Distribution, and Abundance, Edited by: Mcintyre, A247-265.

Bucklin, Ann, and others (2016). Metabarcoding of marine zooplankton: prospects, progress and pitfalls.
Journal of Plankton Research, vol. 38, No. 3, pp. 393-400.

Buitenhuis, Erik Theodoor, and others (2012). Picophytoplankton biomass distribution in the global ocean.
Earth System Science Data, vol. 4, No. 1, pp. 37-46.

Bullock, Hannah A., and others (2017). Evolution of dimethylsulfoniopropionate metabolism in marine
phytoplankton and bacteria. Frontiers in Microbiology, vol. 8, art. 637.

Burridge, Alice K., and others (2017). Diversity and distribution of hyperiid amphipods along a latitudinal
transect in the Atlantic Ocean. Progress in Oceanography, vol. 158, pp. 224-235.

Calbet, Albert (2008). The trophic roles of microzooplankton in marine systems. ICES Journal of Marine
Science, vol. 65, No3, pp. 325-331.

131


https://doi.org/10.3389/fmars.2018.00108

World Ocean Assessment Il: Volume |

Canonico, Gabrielle, and others (2019). Global observational needs and resources for marine biodiversity.
Frontiers in Marine Science, vol. 6, art. 367.

Caron, David A. (2016). Mixotrophy stirs up our understanding of marine food webs. Proceedings of the
National Academy of Sciences, vol. 113, No. 11, pp. 2806-2808.

Caron, David A, and N. R. Swanberg (1990). The ecology of planktonic sarcodines. Reviews in Aquatic
Sciences, vol. 3, pp. 147-80.

Chavez, Francisco P, and others (2011). Marine primary production in relation to climate variability and
change. Annual Review of Marine Science, vol. 3, pp. 227-260.

Chisholm, Sallie W. (1992). Phytoplankton Size. In Primary Productivity and Biogeochemical Cycles in the
Sea, eds. Paul G. Falkowski, Avril D. Woodhead, and Katherine Vivirito, pp. 213-237. Boston, MA:
Springer US. https://doi.org/10.1007/978-1-4899-0762-2_12.

Chisholm, Sallie W. (2017). Prochlorococcus. Current Biology, vol. 27, No. 11, pp. R447-R448.

Church, Matthew J., and others (2003). Abundance and distribution of planktonic Archaea and Bacte-
ria in the waters west of the Antarctic Peninsula. Limnology and Oceanography, vol. 48, No. 5,
pp. 1893-1902.

Chust, Guillem, and others (2014). Biomass changes and trophic amplification of plankton in a warmer
ocean. Global Change Biology, vol. 20, No. 7, pp. 2124-2139.

Comeau, S., and others (2009). Impact of ocean acidification on a key Arctic pelagic mollusc (Limacina
helicina). Biogeosciences, vol. 6, No. 9, pp. 1877-1882.

Costello, Mark J., and Chhaya Chaudhary (2017). Marine biodiversity, biogeography, deep-sea gradients,
and conservation. Current Biology, vol. 27, No. 11, pp. R511-R527.

Coutinho, Felipe H., and others (2017). Marine viruses discovered via metagenomics shed light on viral
strategies throughout the oceans. Nature Communications, vol. 8, art. 15955.

Cubillos, J.C., and others (2007). Calcification morphotypes of the coccolithophorid Emiliania huxleyi in
the Southern Ocean: changes in 2001 to 2006 compared to historical data. Marine Ecology Pro-
gress Series, vol. 348, pp. 47-54.

Dalpadado, Padmini, and others (2014). Productivity in the Barents Sea-response to recent climate varia-
bility. PloS One, vol. 9, No. 5, €95273.

Danovaro, R., and others (2015). Towards a better quantitative assessment of the relevance of deep-sea
viruses, Bacteria and Archaea in the functioning of the ocean seafloor. Aquatic Microbial Ecology,
vol. 75, No. 1, pp. 81-90.

Danovaro, Roberto, and others (2017). Marine archaea and archaeal viruses under global change. F1000Re-
search, vol. 6.

Daponte, M.C., and others (2004). Sagitta friderici Ritter-Zahony (Chaetognatha) from South Atlantic wa-
ters: abundance, population structure, and life cycle. ICES Journal of Marine Science, vol. 61, No. 4,
pp. 680-686.

Daufresne, Martin, and others (2009). Global warming benefits the small in aquatic ecosystems. Proceed-
ings of the National Academy of Sciences, vol. 106, No. 31, pp. 12788-12793.

Delong, E.F. (2009) The microbial ocean from genomes to biomes. Nature, vol. 459, pp. 200-206.

Deibel, Don, and Ben Lowen (2012). A review of the life cycles and life-history adaptations of pelagic tu-
nicates to environmental conditions. ICES Journal of Marine Science, vol. 69, No. 3, pp. 358-369.

Del Giorgio, Paul A., and Carlos M. Duarte (2002). Respiration in the open ocean. Nature, vol. 420, pp. 379-
384.

Delmont, Tom 0., and others (2018). Nitrogen-fixing populations of Planctomycetes and Proteobacteria
are abundant in surface ocean metagenomes. Nature Microbiology, vol. 3, No. 7, pp. 804-813.

132


https://doi.org/10.1007/978-1-4899-0762-2_12

Chapter 6A: Plankton (phytoplankton, zooplankton, microbes and viruses)

De Vargas, Colomban, and others (2015). Eukaryotic plankton diversity in the sunlit ocean. Science,
vol. 348, No. 6237.

Ducklow, Hugh W., and others (2013). West Antarctic Peninsula: an ice-dependent coastal marine ecosys-
tem in transition. Oceanography, vol. 26, No. 3, pp. 190-203.

Edwards, Martin, and others (2013). Impacts of climate change on plankton. MCCIP Science Review,
vol. 2013, pp. 98-112.

Edwards, Martin, and Anthony J. Richardson (2004). Impact of climate change on marine pelagic phenol-
ogy and trophic mismatch. Nature, vol. 430, pp. 881-884.

Fenchel, T. (1982). Ecology of heterotrophic microflagellates. IV. Quantitative occurrence and importance
as bacterial consumers. Marine Ecology Progress Series, vol. 9, pp. 35-42.

Fenchel, Tom (1988). Marine plankton food chains. Annual Review of Ecology and Systematics, vol. 19,
No. 1, pp. 19-38.

Field, Christopher B., and others (1998). Primary production of the biosphere: integrating terrestrial and
oceanic components. Science, vol. 281, No. 5374, pp. 237-240.

Flombaum, Pedro, and others (2013). Present and future global distributions of the marine Cyanobacteria
Prochlorococcus and Synechococcus. Proceedings of the National Academy of Sciences, vol. 110,
No. 24, pp. 9824-9829.

Flores, Hauke, and others (2012). Impact of climate change on Antarctic krill. Marine Ecology Progress
Series, vol. 458, pp. 1-19.

Follett, Christopher L., and others (2018). Seasonal resource conditions favor a summertime increase in
North Pacific diatom—diazotroph associations. The ISME Journal, vol. 12, pp. 1543-1557.

Follows, Michael J., and others (2007). Emergent biogeography of microbial communities in a model
ocean. Science, vol. 315, No. 5820, pp. 1843-1846.

Fuhrman, Jed A., and David A. Caron (2016). Heterotrophic planktonic microbes: virus, bacteria, archaea,
and protozoa. In Manual of Environmental Microbiology, Fourth Edition, pp. 4-2. American Society
of Microbiology.

Galloway, James N., and others (2004). Nitrogen cycles: past, present, and future. Biogeochemistry, vol. 70,
No. 2, pp. 153-226.

Garcia-Reyes, Marisol, and others (2015). Under pressure: climate change, upwelling, and eastern bound-
ary upwelling ecosystems. Frontiers in Marine Science, vol. 2, art. 109.

Gardner, Jessie, and others (2018). Southern Ocean pteropods at risk from ocean warming and acidifica-
tion. Marine Biology, vol. 165, art. 8.

Gasca, Rebeca, and Steven H.D. Haddock (2004). Associations between gelatinous zooplankton and
hyperiid amphipods (Crustacea: Peracarida) in the Gulf of California. Hydrobiologia, vol. 530,
Nos. 1-3, pp. 529-535.

Gasol, Josep M., and others (1997). Biomass distribution in marine planktonic communities. Limnology
and Oceanography, vol. 42, No. 6, pp. 1353-1363.

Giovannoni, Stephen J. (2017). SAR11 bacteria: the most abundant plankton in the oceans. Annual Review
of Marine Science, vol. 9, pp. 231-255.

Glibert, Patricia M., and others (2008). Prorocentrum minimum tracks anthropogenic nitrogen and phos-
phorus inputs on a global basis: application of spatially explicit nutrient export models. Harmful
Algae, vol. 8, No. 1, pp. 33-38.

Goetze, Erica (2010). Species discovery in marine planktonic invertebrates through global molecular
screening. Molecular Ecology, vol. 19, No. 5, pp. 952-967.

Gregg, Watson W., and others (2017). Global trends in ocean phytoplankton: a new assessment using
revised ocean colour data. Remote Sensing Letters, vol. 8, pp. 1102-1111.

133



World Ocean Assessment Il: Volume |

Gruber, Nicolas (2004). The dynamics of the marine nitrogen cycle and its influence on atmospheric CO 2
variations. In The Ocean Carbon Cycle and Climate, pp. 97-148. Springer.

(2019). A diagnosis for marine nitrogen fixation. Nature, vol. 566, pp. 191-193.

Hallegraeff, Gustaaf M., and others (2004). Manual on Harmful Marine Microalgae. United Nations Educa-
tional, Scientific and Cultural Organization.

Harbison, G.R. (1985). On the classification and evolution of the Ctenophora. In The Origins and Relation-
ships of Lower Invertebrates, pp. 78—100.

Harvey, Julio B.J., and others (2017). Comparison of morphological and next generation DNA sequencing
methods for assessing zooplankton assemblages. Journal of Experimental Marine Biology and
Ecology, vol. 487, pp. 113-126.

Hays, Graeme C., and others (2005). Climate change and marine plankton. Trends in Ecology & Evolution,
vol. 20, No. 6, pp. 337-344.

Henschke, Natasha, and others (2016). Rethinking the role of salps in the ocean. Trends in Ecology &
Evolution, vol. 31, No. 9, pp. 720-733.

Hill, Victoria, and others (2017). Decadal trends in phytoplankton production in the Pacific Arctic Region
from 1950 to 2012. Deep Sea Research Part Il: Topical Studies in Oceanography, vol. 152, pp. 82-94.

Hoegh-Guldberg, Ove, and John F. Bruno (2010). The impact of climate change on the world’s marine
ecosystems. Science, vol. 328, No. 5985, pp. 1523-1528.

Hoegh-Guldberg, Ove, and others (2014): The Ocean. In Climate Change 2014: Impacts, Adaptation, and
Vulnerability. Part B: Regional Aspects. Contribution of Working Group Il to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change, Barros, V.R., and others (eds.) (Cam-
bridge University Press, Cambridge, United Kingdom and New York, United States), pp. 1655-1731.

Hoegh-Guldberg, Ove, and Elvira S. Poloczanska (2017). The Effect of Climate Change across Ocean Re-
gions. Frontiers in Marine Science, vol. 4, art. 361.

Honjo, Susumu, and others (2014). Understanding the role of the biological pump in the global carbon
cycle: an imperative for ocean science. Oceanography, vol. 27, No. 3, pp. 10-16.

Hughes, T.P,, and others (2000). Supply-side ecology works both ways: the link between benthic adults,
fecundity, and larval recruits. Ecology, vol. 81, No. 8, pp. 2241-2249.

Iglesias-Rodriguez, M. Débora, and others (2002). Representing key phytoplankton functional groups
in ocean carbon cycle models: Coccolithophorids. Global Biogeochemical Cycles, vol. 16, No. 4,
pp. 47-1.

Jennings, Robert M., and others (2010). Species diversity of planktonic gastropods (Pteropoda and Heter-
opoda) from six ocean regions based on DNA barcode analysis. Deep Sea Research Part II: Topical
Studies in Oceanography, vol. 57, Nos. 24-26, pp. 2199-2210.

Jiang, Hai-Bo, and others (2018). Ocean warming alleviates iron limitation of marine nitrogen fixation.
Nature Climate Change, vol. 8, pp. 709-712.

Kahru, M., and others (2011). Are phytoplankton blooms occurring earlier in the Arctic? Global Change
Biology, vol. 17, No. 4, pp. 1733-1739.

Kahru, M., and others (2012). Trends in the surface chlorophyll of the California Current: Merging data from
multiple ocean color satellites. Deep Sea Research Part II: Topical Studies in Oceanography, vol. 77,
pp. 89-98.

Kahru, M., and others (2016). Effects of sea ice cover on satellite-detected primary production in the Arctic
Ocean. Biology Letters, vol. 12, No. 11,20160223.

Karl, D.M., and others (2002). Dinitrogen fixation in the World's oceans. Biogeochemistry, vols.57-58,
pp. 47-98. https://doi.org/10.1023/A:1015798105851.

134


https://doi.org/10.1023/A

Chapter 6A: Plankton (phytoplankton, zooplankton, microbes and viruses)

Karner, Markus B., and others (2001). Archaeal dominance in the mesopelagic zone of the Pacific Ocean.
Nature, vol. 409, pp. 507-510.

Kaufman, Daniel E., and others (2017). Climate change impacts on southern Ross Sea phytoplankton
composition, productivity, and export. Journal of Geophysical Research: Oceans, vol. 122, No. 3,
pp. 2339-2359.

Keller, Maureen D., and others (1989). Dimethyl sulfide production in marine phytoplankton: The Impor-
tance of Species Composition and Cell Size. Biological Oceanography, vol. 6, Nos. 5-6, pp. 75-382.

Kent, Alyssa G., and others (2016). Global biogeography of Prochlorococcus genome diversity in the sur-
face ocean. The ISME Journal, vol. 10, pp. 1856-1865.

Kigrboe, Thomas (2011). How zooplankton feed: mechanisms, traits and trade-offs. Biological Reviews,
vol. 86, No. 2, pp. 311-339.

Kirkham, Amy R., and others (2013). A global perspective on marine photosynthetic picoeukaryote com-
munity structure. The ISME Journal, vol. 7, pp. 922-936.

Landolfi, Angela, and others (2018). Global marine N2 fixation estimates: From observations to models.
Frontiers in Microbiology, vol. 9, art. 2112.

Landry, Michael R., and Albert Calbet (2004). Microzooplankton production in the oceans. ICES Journal of
Marine Science, vol. 61, No. 4, pp. 501-507.

Le Quéré, Corinne, and others (2005). Ecosystem dynamics based on plankton functional types for global
ocean biogeochemistry models. Global Change Biology, vol. 11, No. 11, pp. 2016-2040.

Lefort, Thomas, and Josep M. Gasol (2013). Short-time scale coupling of picoplankton community struc-
ture and single-cell heterotrophic activity in winter in coastal NW Mediterranean Sea waters.
Journal of Plankton Research, vol. 36, No. 1, pp. 243-258.

Legendre, Louis, and Josée Michaud (1998). Flux of biogenic carbon in oceans: size-dependent regulation
by pelagic food webs. Marine Ecology Progress Series, vol. 164, pp. 1-11.

Lelong, A. (2012). Pseudo-nitzschia (Bacillariophyceae) species, domoic acid and amnesic shellfish poi-
soning: revisiting previous paradigms. Phycologia, vol. 51 (2), pp. 168-216.

Li, William K.W. (1994). Primary production of prochlorophytes, cyanobacteria, and eucaryotic ultraphy-
toplankton: measurements from flow cytometric sorting. Limnology and Oceanography, vol. 39,
No. 1, pp. 169-175.

Li, William K.W., and others (2009). Smallest algae thrive as the Arctic Ocean freshens. Science, vol. 326,
No. 5952, pp. 539-539.

Lindeque, Penelope K., and others (2013). Next generation sequencing reveals the hidden diversity of
zooplankton assemblages. PloS One, vol. 8, No. 11, e81327.

Lindley, J.A., and S. D. Batten (2002). Long-term variability in the diversity of North Sea zooplankton. Jour-
nal of the Marine Biological Association of the United Kingdom, vol. 82, No. 1, pp. 31-40.

Liquete, Camino, and others (2013). Current status and future prospects for the assessment of marine and
coastal ecosystem services: a systematic review. PloS One, vol. 8, No. 7, e67737.

Lischka, Silke, and others (2011). Impact of ocean acidification and elevated temperatures on early ju-
veniles of the polar shelled pteropod Limacina helicina: mortality, shell degradation, and shell
growth. Biogeosciences (BG), vol. 8, pp. 919-932.

Litchman, Elena, and others (2010). Linking traits to species diversity and community structure in phyto-

plankton. In Fifty Years after the ““Homage to Santa Rosalia”: Old and New Paradigms on Biodiver-
sity in Aquatic Ecosystems, pp. 15—28. Springer.

Loeb, Valerie, and others (1997). Effects of sea-ice extent and krill or salp dominance on the Antarctic food
web. Nature, vol. 387, pp. 897-900.

135



World Ocean Assessment Il: Volume |

Loeb, V.J., and J.A. Santora (2012). Population dynamics of Salpa thompsoni near the Antarctic Peninsula:
growth rates and interannual variations in reproductive activity (1993-2009). Progress in Ocean-
ography, vol. 96, No. 1, pp. 93-107.

Luo, Haiwei, and Mary Ann Moran (2014). Evolutionary ecology of the marine Roseobacter clade. Microbi-
ology and Molecular Biology Reviews, vol. 78, No. 4, pp. 573-587.

Mackas, D.L., and others (2012). Changing zooplankton seasonality in a changing ocean: Comparing time
series of zooplankton phenology. Progress in Oceanography, vol. 97, pp. 31-62.

Madin, L.P,, and G.R. Harbison (1977). The associations of Amphipoda Hyperiidea with gelatinous zoo-
plankton—I. Associations with Salpidae. Deep Sea Research, vol. 24, No. 5, pp. 449-463.

(2001). Gelatinous zooplankton. 7st Edition of Encyclopedia of Ocean Sciences, vol. 2, pp. 1120-
1130.

Malone, T. C. (1980). Algal size. The Physiological Ecology of Phytoplankton.

Mangel, Marc, and Stephen Nicol (2000). Krill and the unity of biology. Canadian Journal of Fisheries and
Aquatic Sciences, vol. 57, (S3), pp. 1-5.

Marafién, Emilio, and others (2001). Patterns of phytoplankton size structure and productivity in contrast-
ing open-ocean environments. Marine Ecology Progress Series, vol. 216, pp. 43-56.

Marafién, Emilio, and others (2012). Temperature, resources, and phytoplankton size structure in the
ocean. Limnology and Oceanography, vol. 57, No. 5, pp. 1266—-1278.

Marafion, Emilio, and others (2015). Resource supply alone explains the variability of marine phytoplank-
ton size structure. Limnology and Oceanography, vol. 60, No. 5, pp. 1848-1854.

Massana, Ramon, and Klaus Jiirgens (2003). Composition and population dynamics of planktonic bacteria
and bacterivorous flagellates in seawater chemostat cultures. Aquatic Microbial Ecology, vol. 32,
No. 1, pp. 11-22.

Miron, Gilles, and others (1995). Use of larval supply in benthic ecology: testing correlations between larval
supply and larval settlement. Marine Ecology Progress Series, vol. 124, pp. 301-305.

Mitra, Aditee, and others (2016). Defining planktonic protist functional groups on mechanisms for energy
and nutrient acquisition: incorporation of diverse mixotrophic strategies. Protist, vol. 167, No. 2,
pp. 106-120.

Moline, Mark A., and others (2004). Alteration of the food web along the Antarctic Peninsula in response
to a regional warming trend. Global Change Biology, vol. 10, No. 12, pp. 1973-1980.

Mélimann, Christian, and others (2003). The marine copepod, Pseudocalanus elongatus, as a mediator
between climate variability and fisheries in the Central Baltic Sea. Fisheries Oceanography, vol. 12,
Nos. 4-5, pp. 360-368.

Monteiro, Fanny Meline, and others (2010). Distribution of diverse nitrogen fixers in the global ocean.
Global Biogeochemical Cycles, vol. 24, No. 3.

Montes-Hugo, Martin, and others (2009). Recent changes in phytoplankton communities associated with
rapid regional climate change along the western Antarctic Peninsula. Science, vol. 323, No. 5920,
pp. 1470-1473.

Moore, J. Keith, and others (2018). Sustained climate warming drives declining marine biological produc-
tivity. Science, vol. 359, No. 6380, pp. 1139-1143.

Moran, Xosé Anxelu, and others (2010). Increasing importance of small phytoplankton in a Warmer
Ocean. Global Change Biology, vol. 16, No. 3, pp. 1137-1144. https://doi.org/10.1111/j.1365-
2486.2009.01960.x.

Mousing, Erik Askov, Katherine Richardson, and Marianne Ellegaard (2018). Global patterns in phytoplank-
ton biomass and community size structure in relation to macronutrients in the open ocean. Lim-
nology and Oceanography, vol. 63, No. 3, pp. 1298-1312.

136


https://doi.org/10.1111/j.1365-2486.2009.01960.x
https://doi.org/10.1111/j.1365-2486.2009.01960.x

Chapter 6A: Plankton (phytoplankton, zooplankton, microbes and viruses)

Mueter, Franz J., and others (2009). Ecosystem responses to recent oceanographic variability in high-lati-
tude Northern Hemisphere ecosystems. Progress in Oceanography, vol. 81, Nos. 1-4, pp. 93-110.

Miiren, U., and others (2005). Potential effects of elevated sea-water temperature on pelagic food webs.
Hydrobiologia, vol. 545, No. 1, pp. 153-166.

Negrete-Garcia, Gabriela, and others (2019). Sudden emergence of a shallow aragonite saturation horizon
in the Southern Ocean. Nature Climate Change, vol. 9, pp. 313-317.

Nissen, Cara, and others (2018). Factors controlling coccolithophore biogeography in the Southern Ocean.
Biogeosciences, vol. 15, No. 22, pp. 6997-7024.

Not, Fabrice, and others (2007). Diversity and ecology of eukaryotic marine phytoplankton. In Advances in
Botanical Research, vol. 64: pp. 1-53. Elsevier.

Paez-Espino, David, and others (2019). IMG/VR v. 2.0: an integrated data management and analysis
system for cultivated and environmental viral genomes. Nucleic Acids Research, vol. 47, No. D 1,
pp. D678—-D686.

Palumbi, Stephen R., and others (2009). Managing for ocean biodiversity to sustain marine ecosystem
services. Frontiers in Ecology and the Environment, vol. 7, No. 4, pp. 204-211.

Pierce, Richard W., and Jefferson T. Turner (1992). Ecology of planktonic ciliates in marine food webs.
Reviews in Aquatic Sciences, vol. 6, No. 2, pp. 139-181.

Pineda, Jesus, and others (2010). Causes of decoupling between larval supply and settlement and con-
sequences for understanding recruitment and population connectivity. Journal of Experimental
Marine Biology and Ecology, vol. 392, Nos. 1-2, pp. 9-21.

Pitt, Kylie Anne, and others (2018). Claims that anthropogenic stressors facilitate jellyfish blooms have
been amplified beyond the available evidence: a systematic review. Frontiers in Marine Science,
vol. 5, art. 451.

Poloczanska, Elvira S., and others (2013). Global imprint of climate change on marine life. Nature Climate
Change, vol. 3, pp. 919-925.

Polovina, Jeffrey J., and others (2011). Projected expansion of the subtropical biome and contraction of
the temperate and equatorial upwelling biomes in the North Pacific under global warming. ICES
Journal of Marine Science, vol. 68, No. 6, pp. 986—995.

Polovina, Jeffrey J., and others (2008). Ocean’s least productive waters are expanding. Geophysical Re-
search Letters, vol. 35, No. 3.

Polovina, Jeffrey J., and Phoebe A. Woodworth (2012). Declines in phytoplankton cell size in the subtrop-
ical oceans estimated from satellite remotely-sensed temperature and chlorophyll, 1998-2007.
Deep Sea Research Part II: Topical Studies in Oceanography, vol. 77, pp. 82—88.

Pomeroy, Lawrence R., and others (2007). The microbial loop. Oceanography, vol. 20, No. 2, pp. 28-33.

Purcell, Jennifer E., and others (2007). Anthropogenic causes of jellyfish blooms and their direct conse-
quences for humans: a review. Marine Ecology Progress Series, vol. 350, pp. 153-174.

Raitsos, Dionysios E., and others (2014). From silk to satellite: half a century of ocean colour anomalies in
the Northeast Atlantic. Global Change Biology, vol. 20, No. 7, pp. 2117-2123.

Rasmussen, Astrid Fuglseth (2018). Changes in the abundance, species composition and distribution of
the Barents Sea euphausiids (krill): with focus on the expansion and reproduction of Meganyctiph-
anes norvegica. Master’s Thesis, Norwegian University of Life Sciences, Aas.

Read, Betsy A., and others (2013). Pan genome of the phytoplankton Emiliania underpins its global distri-
bution. Nature, vol. 499, pp. 209-213.

Rivero-Calle, Sara, and others (2015). Multidecadal increase in North Atlantic coccolithophores and the
potential role of rising CO,. Science, vol. 350, No. 6267, pp. 1533-1537.

137



World Ocean Assessment Il: Volume |

Rohwer, Forest, and Rebecca Vega Thurber (2009). Viruses manipulate the marine environment. Nature,
vol. 459, pp. 207-212.

Rombouts, Isabelle, and others (2009). Global latitudinal variations in marine copepod diversity and en-
vironmental factors. Proceedings of the Royal Society B: Biological Sciences, vol. 276, No. 1670,
pp. 3053-3062.

Rousseaux, Cecile S., and Watson W. Gregg (2015). Recent decadal trends in global phytoplankton com-
position. Global Biogeochemical Cycles, vol. 29, No. 10, pp. 1674-1688.

Salazar, Guillem, and Shinichi Sunagawa (2017). Marine microbial diversity. Current Biology, vol. 27, No. 11,
pp. R489—-R494.

Santoro, Alyson E., and others (2019). Planktonic marine archaea. Annual Review of Marine Science, vol. 11,
pp. 131-158.

Sarmiento, Jorge Louis, and others (2002). A new estimate of the CaCO3 to organic carbon export ratio.
Global Biogeochemical Cycles, vol. 16, No. 4, pp. 54-1-54-12.

Schiebel, Ralf, and Christoph Hemleben (2005). Modern planktic foraminifera. Paldontologische Zeitschrift,
vol. 79, No. 1, pp. 135-148.

Schliter, Lothar, and others (2014). Adaptation of a globally important coccolithophore to ocean warming
and acidification. Nature Climate Change, vol. 4, pp. 1024-1030.

Schoemann, Véronique, and others (2005). Phaeocystis blooms in the global ocean and their controlling
mechanisms: a review. Journal of Sea Research, vol. 53, Nos. 1-2, pp. 43-66.

Sherr, Evelyn B., and Barry F. Sherr (2007). Heterotrophic dinoflagellates: a significant component of mi-
crozooplankton biomass and major grazers of diatoms in the sea. Marine Ecology Progress Series,
vol. 352, pp. 187-197.

Sherr, Evelyn B., and others (2009). Microzooplankton grazing impact in the Western Arctic Ocean. Deep
Sea Research Part Il: Topical Studies in Oceanography, vol. 56, No. 17, pp. 1264-1273.

Sieburth, John McN., and others (1978). Pelagic ecosystem structure: Heterotrophic compartments of the
plankton and their relationship to plankton size fractions. Limnology and Oceanography, vol. 23,
No. 6, pp. 1256-1263.

Sieradzki, Ella T., and others (2019). Dynamic marine viral infections and major contribution to photosyn-
thetic processes shown by spatiotemporal picoplankton metatranscriptomes. Nature Communi-
cations, vol. 10, art. 1169.

Signorini, Sergio R., and others (2015). Chlorophyll variability in the oligotrophic gyres: mechanisms, sea-
sonality and trends. Frontiers in Marine Science, vol. 2, art. 1.

Silberberger, Marc J., and others (2016). Spatial and temporal structure of the meroplankton community in
a sub-Arctic shelf system. Marine Ecology Progress Series, vol. 555, pp. 79-93.

Simmonds, Peter, and others (2017). Consensus statement: virus taxonomy in the age of metagenomics.
Nature Reviews Microbiology, vol. 15, pp. 161-168.

Simon, Nathalie, and others (2009). Diversity and evolution of marine phytoplankton. Comptes Rendus
Biologies, vol. 332, Nos. 2-3, pp. 159-170.

Slagstad, D., and others (2011). Evaluating primary and secondary production in an Arctic Ocean void of
summer sea ice: an experimental simulation approach. Progress in Oceanography, vol. 90, Nos.
1-4, pp. 117-131.

Smith, Helen E.K., and others (2017). The influence of environmental variability on the biogeography of
coccolithophores and diatoms in the Great Calcite Belt. Biogeosciences, vol. 14, pp. 4905-4925.

Smyth, T.J., and others (2004). Time series of coccolithophore activity in the Barents Sea, from twenty
years of satellite imagery. Geophysical Research Letters, vol. 31, No. 11.

138



Chapter 6A: Plankton (phytoplankton, zooplankton, microbes and viruses)

Sommer, Ulrich, and others (2002). Pelagic food web configurations at different levels of nutrient richness
and their implications for the ratio fish production: primary production. In Sustainable Increase of
Marine Harvesting: Fundamental Mechanisms and New Concepts, pp. 11-20. Springer.

Sommer, Ulrich, and others (2016). Benefits, costs and taxonomic distribution of marine phytoplankton
body size. Journal of Plankton Research, vol. 39, No. 3, pp. 494-508.

Sommer, Ulrich, and others (2017). Do marine phytoplankton follow Bergmann'’s rule sensu lato? Biological
Reviews, vol. 92, No. 2, pp. 1011-1026.

Sournia, Alain, and others (1991). Marine phytoplankton: how many species in the world ocean? Journal of
Plankton Research, vol. 13, No. 5, pp. 1093-1099.

Sunagawa, Shinichi, and others (2015). Structure and function of the global ocean microbiome. Science,
vol. 348, No. 6237, 1261359.

Sundby, Svein, and others (2016). The North Atlantic spring-bloom system—Where the changing climate
meets the winter dark. Frontiers in Marine Science, vol. 3, art. 28.

Suttle, Curtis A. (2007). Marine viruses—major players in the global ecosystem. Nature Reviews Microbiol-
ogy, vol. 5, pp. 801-812.

Swalethorp, Rasmus, and others (2019). Microzooplankton distribution in the Amundsen Sea Polynya (Ant-
arctica) during an extensive Phaeocystis antarctica bloom. Progress in Oceanography, vol. 170,
pp. 1-10.

Thackeray, Stephen J., and others (2010). Trophic level asynchrony in rates of phenological change for
marine, freshwater and terrestrial environments. Global Change Biology, vol. 16, No. 12, pp. 3304—
3313.

Thor, Peter, and Sam Dupont (2015). Transgenerational effects alleviate severe fecundity loss during
ocean acidification in a ubiquitous planktonic copepod. Global Change Biology, vol. 21, No. 6,
pp. 2261-2271.

Tim, N., and others. (2016). The importance of external climate forcing for the variability and trends of
coastal upwelling in past and future climate. Ocean Science, vol. 12, pp. 807—-823.

Tréguer, Paul, and others (2018). Influence of diatom diversity on the ocean biological carbon pump. Na-
ture Geoscience, vol. 11, pp. 27-37.

Uitz, Julia, and others (2010). Phytoplankton class-specific primary production in the world’s oceans:
Seasonal and interannual variability from satellite observations. Global Biogeochemical Cycles,
vol. 24, No. 3.

United Nations (2017a). Chapter 34: Global patterns in marine biodiversity. In The First Global Integrat-
ed Marine Assessment: World Ocean Assessment |. Cambridge: Cambridge University Press,
pp. 501-524. https://doi.org/10.1017/9781108186148.037.

(2017b). The First Global Integrated Marine Assessment: World Ocean Assessment |. Cambridge:
Cambridge University Press.

(2017c). Chapter 6: Primary production, cycling of nutrients, surface layer and plankton. In United
Nations (ed.), The First Global Integrated Marine Assessment: World Ocean Assessment . Cam-
bridge: Cambridge University Press, pp. 119-148. https://doi.org/10.1017/9781108186148.009.

Valdés, Valentina, and others (2017). Scaling copepod grazing in a coastal upwelling system: the impor-
tance of community size structure for phytoplankton C flux. Latin American Journal of Aquatic
Research, vol. 45, No. 1, pp. 41-54.

Vallina, Sergio M., and others (2014). Global relationship between phytoplankton diversity and productivity
in the ocean. Nature Communications, vol. 5, art. 4299.

Vaulot, Daniel, and others (2008). The diversity of small eukaryotic phytoplankton (< 3 ym) in marine eco-
systems. FEMS Microbiology Reviews, vol. 32, No. 5, pp. 795-820.

139


https://doi.org/10.1017/9781108186148.037
http://plankton.In
https://doi.org/10.1017/9781108186148.009

World Ocean Assessment Il: Volume |

Verity, Peter G., and Victor Smetacek (1996). Organism life cycles, predation, and the structure of marine
pelagic ecosystems. Marine Ecology Progress Series, vol. 130, pp. 277-293.

Vinogradov, Mikhail Evgen'evich, and others (1996). Hyperiid amphipods (Amphipoda, Hyperiidea) of the
world oceans.

Vogt, Meike, and others (2012). Global marine plankton functional type biomass distributions: Phaeocystis
spp. Earth System Science Data, vol. 4, No. 1, pp. 107-120.

Ward, Ben A., and others (2012). A size-structured food-web model for the global ocean. Limnology and
Oceanography, vol. 57, No. 6, pp. 1877-1891.

Wasmund, Norbert, and others (2019). Extension of the growing season of phytoplankton in the western
Baltic Sea in response to climate change. Marine Ecology Progress Series, vol. 622, pp. 1-16.

Wells, Mark L., and others (2015). Harmful algal blooms and climate change: Learning from the past and
present to forecast the future. Harmful Algae, vol. 49, pp. 68-93.

Westberry, T., and others (2008). Carbon-based primary productivity modeling with vertically resolved
photoacclimation. Global Biogeochemical Cycles, vol. 22, No. 2.

White, Angelicque E., and others (2018). Temporal Variability of Trichodesmium spp. and Diatom-Diaz-
otroph Assemblages in the North Pacific Subtropical Gyre. Frontiers in Marine Science, vol. 5, art.
27.

Wiebe, Peter H., and others (2010). Deep-sea sampling on CMarZ cruises in the Atlantic Ocean-An
introduction. Deep Sea Research Part II: Topical Studies in Oceanography, vol. 57, Nos. 24-26,
pp. 2157-2166.

Wietz, Matthias, and others (2010). Latitudinal patterns in the abundance of major marine bacterioplank-
ton groups. Aquatic Microbial Ecology, vol. 61, No. 2, pp. 179-189.

Winter, Amos, and others (2014). Poleward expansion of the coccolithophore Emiliania huxleyi. Journal of
Plankton Research, vol. 36, No. 2, pp. 316—325.

Wood, Sylvia L.R., and others (2018). Distilling the role of ecosystem services in the Sustainable Develop-
ment Goals. Ecosystem Services, vol. 29, pp. 70—82.

Worden, Alexandra Z., and Fabrice Not (2008). Ecology and diversity of picoeukaryotes. Microbial Ecology
of the Oceans, vol. 2, pp. 159-205.

Worm, Boris, and others (2006). Impacts of biodiversity loss on ocean ecosystem services. Science,
vol. 314, No. 5800, pp. 787-790.

Yooseph, Shibu, and others (2010). Genomic and functional adaptation in surface ocean planktonic
prokaryotes. Nature, vol. 468, pp. 60—66.

140



